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Molecular chaperones: Clamps for the Clps?
Hwa-ping Feng and Lila M. Gierasch
The Clp/Hsp100 molecular chaperones are unusual in
their ability to tease apart protein aggregates and
complexes. Recent results make a good case that these
chaperones bind substrates via PDZ-like domains; this
may reflect a general strategy for manipulating the
assembly state of substrate proteins.
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A class of ATP-hydrolysing proteins consisting of the
eukaryotic heat-shock protein 100 (Hsp100) family and
the related prokaryotic Clp family has recently been
shown to act as molecular chaperones (reviewed in [1]).
The property that sets these Clp/Hsp100 chaperones apart
from the better-known Hsp60 and Hsp70 chaperones is
their ability to undo protein aggregates resulting from heat
shock or other stresses, and to disassemble protein com-
plexes [2]. Some of the family members, such as ClpA and
ClpX, also act as the ATPase subunits of multi-component
proteases, and play important roles in the degradation of
polypeptide chains in an ATP-dependent manner, as well
as in the regulation of certain cellular responses [3]. 
We do not understand in detail how the Clp/Hsp100
chaperones accomplish these tasks, but the available
evidence indicates that the energy of ATP is used by the
chaperones to unfold or alter the conformation of their
substrates [3]. One key issue in this field is the features of
the substrate proteins that permit recognition by chaper-
ones. ClpA and ClpX, for example, show distinct prefer-
ences in their substrate selections [3]. Does each member
of the Clp/Hsp100 family have its own specific substrates?
What determines the specificity of these chaperones? A
recent study [4] makes a case that substrate specificity for
ClpX is determined by ‘PDZ domains’, which are known
in other contexts to mediate protein–protein interactions.
This may be a general mechanism of substrate recognition
by Clp/Hsp100 chaperones.
Carboxyl terminus recognition by Clp proteins
ClpX was first identified as an alternative to ClpA as a
regulatory subunit that partners the Escherichia coli ATP-
dependent protease ClpP [2]. Levchenko et al. [5] later
found that ClpX plays a crucial part in the disassembly of
the tetrameric transposase complex of bacteriophage Mu.
Several lines of evidence indicated that carboxy-terminal
sequences in substrate proteins are important for their
interactions with ClpX. First, carboxy-terminal mutations
in either the Mu transposase, MuA, or the truncated Mu
repressor, vir, greatly reduce their susceptibility to diges-
tion by ClpX/P [6,7]. The MuA mutations also abolish
ClpX’s ability to disassemble MuA–DNA complexes [7].
Second, the Arc repressor, although not normally a sub-
strate, is rapidly degraded by ClpX/P when fused with as
few as ten carboxy-terminal residues of MuA [7]. And
third, proteins translated from damaged mRNA are tagged
with an eleven-residue carboxy-terminal tail [8,9]; these
tagged proteins are degraded by ClpA/P or ClpX/P in the
cytoplasm [10], or by the carboxy-terminus-specific pro-
tease Tsp in the periplasm [9]. Tsp has a region homolo-
gous to PDZ domains [11]; intriguingly, like ClpX and
ClpA, PDZ domains are known to bind the carboxyl
termini of their substrates [12–14]. 
Prompted by these observations, Levchenko et al. [4]
aligned the sequences of various Clp/Hsp100 proteins
with crystal structures of PDZ domains, and found weak
indications that ClpX might have two PDZ domains.
Interestingly, when expressed as individual polypeptides,
these PDZ-like regions lacked the stability of a well-
folded protein, though they retained substrate-binding
specificity. A polypeptide containing both regions was
Figure 1
Ribbon diagram showing the three-dimensional fold of a PDZ domain
and the binding mode of substrate peptide (yellow). The diagram is
based on the crystal structure of the third PDZ domain of the ‘post
synaptic density’ protein PSD-95 [12].
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more stable, however, exhibiting oligomerization, specific
binding to substrates, and  a cooperative unfolding transi-
tion. This is reminiscent of certain viral capsid proteins,
which are partially disordered as monomers but become
fully ordered when assembled into a capsid [15]. These
observations paint a tantalizing picture of Clp/Hsp100
using a modular PDZ motif for specific substrate recogni-
tion. Weak homology alignment can sometimes be mis-
leading, however, and detailed structural characterization
is currently under way to verify whether these tandem
repeats from ClpX truly adopt a PDZ-like fold (R. Sauer
and T. Baker, personal communication).
PDZ domain structures and substrate recognition by ClpX
PDZ domains are small modules of about 80–100 residues
that have been found in various signaling proteins. These
domains recognize proteins containing certain carboxy-
terminal motifs and exhibit high substrate specificity [14].
They are used to mediate protein–protein interactions; for
example, they help organize multi-component complexes
of signal transduction components at cell junctions [16].
The crystal structures of two PDZ domains have been
determined recently [12,13]. Despite their low sequence
identity, these two PDZ domains adopt the same topology
(Figure 1): the polypeptide chain is organized in a six-
strand β sandwich, with two short α helices at two edges of
the sandwich. Although the two domains show different
substrate preferences, their binding modes are similar: the
substrate is nestled in a shallow groove formed by helix
αB and strand βB of the sheet, thereby extending the
sheet by one anti-parallel strand. This binding by sheet
augmentation is similar to the binding mode of the
phosphotyrosine-binding (PTB) module, another domain
frequently seen in signaling proteins [12,15].
In the PDZ-domain proteins, the substrate’s carboxyl end
is bound by the loop between strands βA and βB, which
has a highly conserved GLGF motif (or φGφ, where φ is a
hydrophobic residue) [12,13]. The side chain of the
substrate’s carboxy-terminal residue points toward a cavity
on the surface of the protein. The size and the nature of
this pocket may play an important role in substrate selec-
tion. Further substrate discrimination at position –2 from
the carboxyl terminus is provided by the loop between
strands βB and βC, and the amino end of the helix αB
[13]. The crystal structures provided a molecular explana-
tion for how substrates are recognized by their carboxyl
termini [12,13]. This view is supported by a recent study
using peptide libraries, the results of which suggest that
PDZ domains interact with only the very carboxyl termini
of polypeptide chains [14].
These observations make some explicit predictions about
how other proteins may use PDZ domains for binding.
The first is that the close proximity of the amino and car-
boxyl termini of a PDZ domain should allow multiple, pos-
sibly consecutive, PDZ modules to be incorporated into a
protein. Second, the requirement for accessibility to the
binding groove suggests that PDZ domains should occur at
the surface of a protein; otherwise, a conformational change
would have to bring the PDZ domain to the surface. Third,
for recognition to occur, the carboxy-terminal substrate
Figure 2
A model of substrate disassembly or unfolding
by ClpX. The PDZ-like domains are implicated
in substrate selection, and perhaps also
oligomerization, of ClpX. As illustrated, these
two activities may involve, respectively,
cooperative movement of the PDZ-like
domains and substrate unfolding through the
central channel in the ClpX complex.
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residues need to be exposed, and most likely not involved
in secondary-structure elements. In accord with this,
Levchenko et al. [4] found that an Arc–MuA fusion protein,
their engineered ClpX substrate, has a highly flexible MuA
carboxyl terminus and a stably folded Arc protein core. It is
curious to note that the carboxy-terminal regions of most
known ClpX substrates are reasonably hydrophobic [4] and
may normally be shielded from solvent; a conformational
change may thus be required to expose them for binding.
Quaternary organization and its functional implications
In the presence of ATP or one of its non-hydrolyzable
analogs, Clp/Hsp100 proteins oligomerize to form a
complex [1]. Although the precise oligomeric state of
ClpX has not yet been reported, the related protein ClpY
is known to form a six-membered ring [17]. Ring forma-
tion is not necessary for substrate binding, and substrate
binding does not seem to induce oligomerization [18].
ATP binding alone must induce a conformational change
that allows the chaperone to self-assemble. It is possible
that one or both of the two PDZ-like domains of ClpX are
involved in the oligomerization reaction. In agreement
with this possibility, Levchenko et al. [4] found that their
fragment of two PDZ-like domains ran as a hexamer or
heptamer on a gel-filtration column. The crystal structure
of the PDZ domain of the human protein CASK, a novel
membrane-associated guanylate kinase homolog, shows
how oligomerization may be achieved [13].
A ring organization might be important for the chaper-
one functions of Clp/Hsp100 proteins. The multiple
binding sites on a single particle ensure that it can bind
to different parts of a oligomeric substrate and undergo
the requisite conformational changes (Figure 2). Fur-
thermore, the increase in local concentration of binding
sites increases the probability of substrate binding and
decreases the probability of substrate escaping. The cir-
cular arrangement also ensures that each subunit is in an
identical environment, and enables conformational
changes to be coordinated in a concerted fashion. Using
the bacterial Hsp60 homolog GroEL as an example,
binding of ATP and GroES induces a cooperative con-
formational change in the chaperonin which converts the
substrate-binding cavity from hydrophobic to hydro-
philic in nature [19], releasing the substrate which can
refold in the isolated chamber.
Disaggregation activity and substrate recognition
Recent studies on Clp/Hsp100 family proteins have
shown that they can undo protein aggregates [2]. If, during
aggregation, any part of a polypeptide chain is randomly
buried, one would expect that efficient recognition of
aggregates by chaperones would have to be more confor-
mation-specific than sequence-specific. As explained
above, the results of Levchenko et al. [4] suggest that the
Clp/Hsp100 proteins have PDZ-like domains, which they
may use as recognition modules for sequence-specific
substrate interactions. 
How can a molecule use the same mechanism to bind
both specific oligomeric complexes and non-specific
aggregates? The answer may lie in the nature of the
aggregates: some protein aggregates are not as random as
previously imagined. For example, the aggregate formed
by prion proteins is highly structured and rich in β sheet
[20]. In this structure, carboxy-terminal residues may be
exposed allowing interactions with PDZ-like domains.
There is evidence that Hsp104 in yeast is required for the
propagation of a prion-like factor, and over-expression of
the chaperone ‘cures’ the phenotype caused by the prion-
like factor [21].
Disassembly/unfolding activity of Clp/Hsp100
In the presence of ATP, ClpA and ClpX disassemble
protein complexes into monomers. Alternatively, they
unfold their substrates and pass them to the protease ClpP
for degradation [3]. How does binding by the chaperone
lead to the disassembly or unfolding of its substrate? One
can imagine that disassembly without unfolding might be
facilitated by cooperative movement of the PDZ substrate-
binding domains with respect to one another (Figure 2),
thereby exerting mechanical forces on the substrates.
How ClpA and ClpX actually unfold substrates for
presentation to ClpP is perhaps a more intriguing
question. In contrast to GroEL, substrate bound to ClpA
or ClpX oligomers is suggested to be exposed outside the
barrel, because the central cavity is too small to accommo-
date a fully-folded protein [1]. Furthermore, the co-axial
arrangement of the the ClpA and ClpP rings [1] suggests
that substrate polypeptides are unfolded by ‘translocation’
in an extended conformation through the central cavity of
ClpA into the narrow channel of ClpP, as proposed for the
proteasome [22,23]. Secondary substrate-binding sites
may line the channel that are less sequence-specific than
the reported PDZ-like domains. Experiments designed to
test these ideas may shed light on the molecular
mechanisms of these novel chaperones.
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